1. Introduction {#sec1}
===============

Soft tissue injury is a common problem usually leading to pain, swelling and sometimes even malformation \[[@bib1],[@bib2]\]. On-time treatment is vital to improve clinical outcome. Current treatments include cryotherapy, electrical therapy, ultrasound therapy and anti-inflammatory drug therapy and can promote healing \[[@bib3],[@bib4]\]. However, the treatment for soft tissue injury is still a big challenge in clinical practise as the curative effects of the above methods are not satisfactory \[[@bib2],[@bib5]\]. Synergistic therapy is a widely explored method to improved curative effects for cancer therapy \[[@bib6],[@bib7]\], which possesses improved curative effects compared with the cures using single drug or way. However, this method has been rarely explored in the treatment of injured soft tissues.

Diclofenac sodium (DS) is a nonsteroidal anti-inflammatory drug, and is used to treat soft tissue injury due to its effectiveness and safety \[[@bib1],[@bib8],[@bib9]\]. Studies have demonstrated that DS could penetrate the skin and distribute to the target tissue underlying the application site \[[@bib8],[@bib10],[@bib11]\]. Generally, the commercially available DS is DS ointment, which cannot control the release of the drugs, resulting in dose-dependent problems, such as gastrointestinal, dermatological and the central nervous system toxicity \[[@bib12],[@bib13]\]. As a result, a more efficient, safer drug delivery system is needed. Hydrogel have long been adopted as drug delivery system, among which the in situ hydrogel possess the advantage of simple drug formulation and the ability to deliver both hydrophilic and hydrophobic drugs \[[@bib14]\]. However, due to irregular shapes, like legs and arms, the in situ hydrogel is of problem that can flow down before the gelation.

Pulsed electromagnetic field therapy has already been a clinical method to accelerate tissue healing and recovery \[[@bib15]\]. Researches have suggested that PEMF could reduce pain via its effect on nitric oxide (NO), calmodulin (CaM), and/or opioid pathways, and it\'s also a potential method to treat soft tissue injury \[[@bib15]\].

In this work, we prepared a hydrogel dressing combining DS with PEMF therapy to treat soft tissue injury ([Scheme 1](#sch1){ref-type="fig"}). Firstly we applied the tetra-PEG hydrogel that have been widely used as the drug delivery system because they could be easily formed by the dual-syringes injection \[[@bib16]\]. Although the crosslinking rate between PEG-NH~2~ and PEG-NHS is fast, the precursor solutions still easily flow down the tissue before gelation. To avoid flowing and make the precursor solution more viscous, agar, a safe, cheap and commonly used agent to increase the viscosity in 3D printing, was incorporated into the network \[[@bib17],[@bib18]\]. Moreover, we also added Fe~3~O~4~ NPs into the network to get the responsive release of DS in PEMF \[[@bib19]\]. Under the tuned magnetic field, Fe~3~O~4~ NPs would on one hand shake back and forth to accelerate the drug release and on the other hand generate heat to change the agar network and speed up the release \[[@bib20],[@bib21]\]. In addition, *in vitro* cell experiments and *in vivo* implanting experiments were carried out to test the biocompatibility of the dressing. The magnetism-responsive release of the hydrogel was also examined by *in vitro* and *in vivo* experiments. The synergistic therapeutic effect was evaluated by animal experiments. All the results proved that the dressing might be a promising candidate in the treatment of soft tissue injury.Scheme 1Schematic for formation of tetra-PEG/agar hydrogel/Fe~3~O~4~/DS (PA/Fe~3~O~4~/DS) system for the synergetic therapy of soft tissue injury.Scheme 1

2. Experimental section {#sec2}
=======================

2.1. Materials {#sec2.1}
--------------

4-Armed poly(ethylene glycol) succinimidyl (Tetra-PEG-NHS, *M*~w~ = 20 kDa, *M*~w~/*M*~n~ = 1.03) and 4-armed poly(ethylene glycol) amine (Tetra-PEG-NH~2~, *M*~w~ = 20 kDa, *M*~w~/*M*~n~ = 1.03) were purchased from SINOPEG, China. Agar was purchased from ENERGY CHEMICAL. Ferric acetylacetonate (Fe(acac)~3~), 1,2-hexadecanediol, oleylamine, oleic acid, and polyol medium triethylene glycol were purchased from J&K Scientific Ltd. All chemicals were used as received. All other chemicals were of analytical grade.

2.2. Synthesis and characterization of water-soluble Fe~3~O~4~ NPs {#sec2.2}
------------------------------------------------------------------

The water-soluble Fe~3~O~4~ NPs were prepared according to previous literature \[[@bib22]\]. Briefly, Fe(acac)~3~ (1 mmol, 99%, Acros) and polyol medium triethylene glycol (30 mL) were mixed together and slowly heated to reflux (278 °C) for 30 min under argon protection, producing a black homogeneous colloidal suspension. After cooled down to room temperature, 20 mL of ethyl acetate was added to the reaction solution, resulting in a black precipitation of magnetite nanoparticles which was then separated from the solution by a magnetic field. After being washed by ethyl acetate for three times, the precipitation was re-dispersed in water for further use.

2.3. Preparation of the hydrogel {#sec2.3}
--------------------------------

The hydrogel was prepared in the phosphate buffer solution (pH 7.4) as previous reported \[[@bib23]\]. Briefly, agar (200 mg, melting point 80 °C) was added into a tube with 10 mL of PBS and heated to 80 °C in an oil bath. After being heated for several minutes, the transparent agarose solution was cooled down to 40 °C, and then diclofenac sodium (100 mg/mL) and (5.44 wt%) Fe~3~O~4~ NPs were added to the mixture. Next, precursor solution 1 was prepared by dissolving Tetra-PEG-NH~2~ (8 wt%) with the mixed solution in a sample bottle, and precursor solution 2 (8 wt%) was prepared by dissolving Tetra-PEG-NHS in another sample bottle with the mixed solution. By using dual syringe, the same volume of precursor solution 1 and 2 were simultaneously injected into the molds and then cooled down at room temperature to form hydrogel. The syringe was heated to 40 °C in the oven before use.

2.4. Scanning electron microscopy {#sec2.4}
---------------------------------

The hydrogels were prepared as described above and then freeze-dried at −50 °C for 48 h. Then the samples were carefully stuck onto the conducting resin with double-sided adhesive, and sputter-coated with a thin layer of Pt for 90 s to make the sample conductive before testing. Field emission scanning electron microscopy (SEM) images were obtained at acceleration voltage of 5 kV on a JSM-6700F microscope (JEOL, Japan).

2.5. Torsion experiments {#sec2.5}
------------------------

The hydrogels were used as dressings and their adhesion to porcine skin was evaluated according to previous report \[[@bib24]\]. The porcine skin was used because it\'s biologically similar to human skin. First, the hydrogels were formed in situ on the surface of the skin by using a dual syringe, and then torsion stress was applied on the hydrogels to test their adherence flexibility on the skin.

2.6. *In vitro* drug release study {#sec2.6}
----------------------------------

Only one side of the hydrogel would touch the skin during drug release process, so we employed the same release model as reported previously \[[@bib14]\]. The hydrogel was prepared in a container with the diameter of 10 mm and height of 2 mm, and diclofenac sodium was encapsulated inside the hydrogel. Then, the drug-contained hydrogel was immersed into the PBS (7.4) and the solutions were collected at special intervals of time. During each interval, the magnetic field was applied for 30 min. The collected solution at different time were tested using the UV--visible spectroscopy (276 nm). The release without the PEMF was set as control.

2.7. *In vivo* drug release study {#sec2.7}
---------------------------------

The drug-containing hydrogel was formed in situ on the surface of the rats' skin (SD rats). During each interval, the rats were treated with or without the PEMF for 30 min. Then the hydrogel-located tissues were collected at 2, 6 and 12 h. Next, the collected tissues were treated with tissue destructor, and methyl alcohol was used to extract the diclofenac sodium. After adding methyl alcohol into the tissue, supernatant was collected after centrifuge, and was then passed through a 0.45 μm pore-sized filter. The filtered supernatant was evaluated using the high performance liquid chromatography (HPLC, C18 Reversed-phase chromatography, detection wavelength 276 nm, mobile phase methanol: water: acetic acid = 90:10:0.25).

2.8. *In vitro* cytotoxicity {#sec2.8}
----------------------------

The cytotoxicity of the hydrogel was studied by the CCK-8 assay. Firstly, extraction of the hydrogel was obtained by immersing the hydrogel (1 g) into the Dulbecco\'s modified Eagle medium (DMEM) (1 mL). The 3T3 mouse fibroblasts were plated in 96-well cell culture plate at a density of 10^4^ cells/well, incubated with the extraction under 5% CO~2~ at 37 °C for 1 and 3 days and then changed to 100 μL of fresh DMEM. Subsequently, 10 μL of CCK-8 was added to each well to incubate at 37 °C for 4 h in a CO~2~ incubator. Finally, 100 μL of the solutions was put into a new 96-well plate. The optical density of each well at 570 nm (reference 650 nm) was read by a microplate reader.

2.9. *In vivo* biocompatibility {#sec2.9}
-------------------------------

The *in vivo* biocompatibility was evaluated by implanting the hydrogel into rat tissue subcutaneously. The hydrogel disks (5 mm in diameter and 1 mm in height) were put subcutaneously on the back of the rats. At specific times, the rats were sacrificed. The hydrogels along with surrounding tissue were collected and soaked in formalin for 3 days. After that, the samples were embedded in paraffin, cut into 3--5 μm slices and stained with H&E. The histological imaging was performed using an Olympus microscopy.

2.10. Animal model of soft tissue injury {#sec2.10}
----------------------------------------

SD rats of 150 g were used in this study. The soft tissue injury was created in the back of the rats by dropping a weight (50 g) from the height of 15 cm for 10 times. Then, the injured rats were treated by the hydrogel dressing with and without the PEMF (0.3 T) and DS ointment. Finally, after special times, the rats were euthanized, and the injured tissues were collected for H&E staining.

3. Results and discussion {#sec3}
=========================

3.1. Characterization of water-soluble Fe~3~O~4~ NPs {#sec3.1}
----------------------------------------------------

To combine magnet therapy with drug therapy, we introduced the magnetic Fe~3~O~4~ NPs into the hydrogel network. The Fe~3~O~4~ NPs must be water-soluble to incorporate into the hydrogel network after dispersing in the precursor water solutions of the hydrogel. The water-soluble NPs were prepared according to previous report by a simple and cheap method based on a polyol process \[[@bib22]\]. [Fig. 1](#fig1){ref-type="fig"}A and B showed that the NPs were nearly monodispersed with the diameter of 10 nm. Due to the intrinsic magnetic properties, the NPs would aggregate at the high-field site \[[@bib25]\]. [Fig. 1](#fig1){ref-type="fig"}C showed that when a magnet was placed next to the Fe~3~O~4~ NPs, the NPs aggregated near the magnet, clearly demonstrating the intrinsic magnetic property of the Fe~3~O~4~ NPs.Fig. 1Characterization of the water-soluble Fe~3~O~4~ NPs. (A, B) TEM images of Fe~3~O~4~ NPs. (C) Pictures showing that Fe~3~O~4~ NPs could be attracted by the magnet.Fig. 1

3.2. Preparation of drug-loaded magnetism-responsive PA hydrogel {#sec3.2}
----------------------------------------------------------------

Since the surface of the wound is generally irregular, the in situ hydrogels such as tetra-PEG hydrogel, have the advantage to cover the whole wound. During the experiment, we found that tetra-PEG hydrogel gelled a little slowly (longer than 20 s) that can flow down before gelled. To solve the problem, we incorporated biocompatible agar into the hydrogel network to increase the viscosity of the precursor solution before the complete gelation. The obtained hydrogel was of porous structure ([Fig. 2](#fig2){ref-type="fig"}A) that will benefit nutrient exchange and drug release \[[@bib26]\]. Fe~3~O~4~ NPs and diclofenac sodium could be incorporated into the hydrogel easily in situ by mixing with the precursor solution. The SEM of the obtained hydrogel with Fe~3~O~4~ NPs and diclofenac sodium was shown in [Fig. 2](#fig2){ref-type="fig"}B. After loading the drugs and the Fe~3~O~4~ NPs, we could observe some aggregates that may be explained by aggregation of the Fe~3~O~4~ NPs and the DS. But the hydrogel remained porous, indicating their morphology did not changed. When leveraged as dressings, the hydrogel must be able to adhere to the skin without any outside pressure. We used tetra-PEG-NHS to construct the hydrogel, which could react with the NH~2~ from tissue protein \[[@bib27]\]. [Fig. 2](#fig2){ref-type="fig"}C showed that, despite the torsion, the hydrogel could still adhere to the porcine skin tightly, proving the good adherence and the potential to be used as plasters.Fig. 2The SEM images of the PA hydrogel (A) and the PA/Fe~3~O~4~/DS hydrogel (B). The arrows indicated the aggregated DS and Fe~3~O~4~ NPs. (C) Pictures of torsion experiments showed that the PA/Fe~3~O~4~/DS hydrogel could adhere to the tissue tightly. The methyl blue was incorporated for better viewing.Fig. 2

3.3. Cell viability and biocompatibility {#sec3.3}
----------------------------------------

The constructing materials of the hydrogel were PEG hydrogel and the agar. PEG hydrogel was used extensively in scaffolds for engineering applications like articular cartilage, neural tissue, and bladder tissue regeneration \[[@bib28], [@bib29], [@bib30], [@bib31]\]. Agar has already been adopted as the matrix for cell culture \[[@bib32],[@bib33]\]. Besides, both PEG and agar have been approved by FDA, so the resulting dressings should be nontoxic. To prove that, cell viability experiments were carried out through the NIH 3T3 mouse fibroblast cells and showed over 90% of cell viability even after three days of culture ([Fig. 3](#fig3){ref-type="fig"}A). Besides, we tested the cytotoxicity of hydrogel with Fe~3~O~4~ NPs and DS, and still showed the materials were nontoxic.Fig. 3(A) The relative cell viability of PA, PA/Fe~3~O~4~ and PA/Fe~3~O~4~/DS. (B) The picture of the subcutaneous implanting experiments. (C) H&E staining results of the subcutaneous implanting experiments after 7, 14 and 28 days. The triangles indicated the inflammatory cells and the asterisks indicated the fibroblasts. Bar scales = 200 μm.Fig. 3

To demonstrate biocompatibility *in vivo*, subcutaneous implanting experiments was performed. At certain time, the rats were euthanized and tissue samples were harvested for histological analysis ([Fig. 3](#fig3){ref-type="fig"}B). A slight inflammatory response could be observed after 7 days of implantation ([Fig. 3](#fig3){ref-type="fig"}C), which might result from foreign body reaction. However, 14 days later, the inflammatory cell density decreased with large amounts of fibroblasts appeared, indicating the resolving inflammatory response. The increased fibroblasts would produce the collagen needed for the wound healing \[[@bib34]\]. 28 days later, the inflammatory cells could not be observed indicating the inflammation resolved. *In vivo* study also showed a good biocompatibility for the hydrogel.

3.4. *In vitro* drug release {#sec3.4}
----------------------------

For synergistic effect of treatment, drugs were incorporated, of which the release can be controlled by extra magnetic field. Under PEMF, the shaking of the Fe~3~O~4~ NPs in the network would add force to the network to increase the release speed, and the effect would be enhanced when the hydrogel was porous. In addition, heat can be generated to further accelerate the drug release \[[@bib25]\]. To prove that, we carried out the *in vitro* release experiments. Considering that only one side of the hydrogel would contact the injured soft tissue, the PA/Fe~3~O~4~/DS was put in the receptacle with the diameter of 15 mm and height of 3 mm so that only one side was accessible to the release medium ([Fig. 4](#fig4){ref-type="fig"}A). The UV absorption of the release medium at different time was recorded to test the released DS. [Fig. 4](#fig4){ref-type="fig"}B showed that the release speed under the magnet field was higher. The total release amount under the magnetic field was 72.3 ± 2.6% compared to only 51.6 ± 3.0% without magnetic field. The release experiments demonstrated that drug release could be tuned by the magnetic field, which provided the possibility to combine the physical and drug therapy.Fig. 4(A) Schematic showing the *in vitro* release experiments. (B) The release profiles of the dressing with (red) or without (black) the PEMF.Fig. 4

3.5. *In vivo* release experiments {#sec3.5}
----------------------------------

*In vivo* release experiment was performed to confirm the *in vitro* results. Firstly, the dressings gelled in situ on the back of the rats ([Fig. 5](#fig5){ref-type="fig"}A and B), and the influence of extra magnetic field on the release was evaluated. In this experiment, the commercially available DS ointment (Voltaren) was used as control. The amount of the DS was calculated so that all the groups contained the same amount of loaded DS. After experiments, the tissues next to the dressings were collected, grinded and then extracted with methyl alcohol. [Fig. 5](#fig5){ref-type="fig"}C showed that the release amount of the DS ointment-treated skins was the largest (22.8 ± 2.4 μg/mL) at the initial 2 h while those of the PA/Fe~3~O~4~/PEMF and PA/Fe~3~O~4~ were 19.6 ± 2.2 and 12.7 ± 2.7 μg/mL respectively. It could be deduced that in a drug delivery system, the PA dressing could decrease the bursting release of the drugs observed in an ointment system. Six hours later, PA/Fe~3~O~4~/PEMF-treated skin had the largest amount of drug, which was maintained even after 12 h. As the control, the drug concentration of the DS ointment-treated groups kept deceasing from 20.1 ± 2.1 to 15.7 ± 2.2 μg/mL. Although the PA/Fe~3~O~4~-treated groups had the lowest drug concentration, it could still offer a stable drug concentration during the testing. The *in vivo* release experiments showed that compared with the commercially available DS ointment, the PA/Fe~3~O~4~ dressings could achieve a steadier drug release. Besides, when adding magnetic field, the drug concentration could be improved. In our experiments, it was surprising to find one out of six rats treated by DS ointment died at the first 2 h, and presumably it was triggered by the complications of the diclofenac sodium that might lead to side effects in gastrointestinal, dermatological and the central nervous system, because the concentration was too high \[[@bib12],[@bib13]\].Fig. 5(A) Schematic showing the *in vivo* release experiments. The PA/Fe~3~O~4~ dressing formed in situ on the back of the rats and release happed without (PA/Fe~3~O~4~/DS) or with (PA/Fe~3~O~4~/DS/PEMF) the magnetic field. The commercially available DS ointment was used as a control. (B) Pictures showing the PA/Fe~3~O~4~ dressings and the DS ointment on the back of the rats. (C) Results of the *in vivo* release experiments.Fig. 5

3.6. Animal model of soft tissue injury {#sec3.6}
---------------------------------------

To further test the efficacy of the PA/Fe~3~O~4~ hydrogel for soft tissue repair, the soft tissue injury model of the rats was established by hitting a weight (50 g) from 15 cm high for ten times ([Fig. 6](#fig6){ref-type="fig"}A) on the back of the rat. To confirm the injured tissue, the broken skin was collected for histological analysis. As shown in [Fig. 6](#fig6){ref-type="fig"}B, before the skin was hit by the weight, the muscle tissue was dense and continuous; after hit they were mal-aligned because of the damage. Besides, blood cells could be observed because the injury of vessels and is the early sign of the inflammation response after being wounded \[[@bib35]\]. The broken muscle, blood cells infiltration and the inflammation clearly declared the successful modelling of the injured soft tissue.Fig. 6(A) The schematic diagram showed the modelling process of the injured soft tissue on the back of rats. (B, C) H&E staining of the healthy and injured muscles. The triangles indicated the muscle tissue and the asterisks indicated the expanded vessels.Fig. 6

Using the above models, the PA/Fe~3~O~4~/DS gelled in situ on the surface of the wound, and the rats were treated with or without the magnetic field. Also, the rats treated with the commercially available DS ointment were used as a control ([Fig. 7](#fig7){ref-type="fig"}A). Again, in this experiment, some animals died after using the DS ointment. [Fig. 7](#fig7){ref-type="fig"}B revealed that after one day of treatment, the PA/Fe~3~O~4~/DS-treated groups had relatively larger unhealed part, while the DS ointment showed better result than the PA/Fe~3~O~4~/DS with more healed part of the muscles. However, the PA/Fe~3~O~4~/DS/PEMF achieved the smallest area of defect in all the groups. Three days later, it was nearly impossible to see the defect in the PA/Fe~3~O~4~/DS/PEMF groups and seven days later, the muscle tissue became continuous almost the same as the healthy tissue in [Fig. 6](#fig6){ref-type="fig"}B. There were still some defects in the PA/Fe~3~O~4~/DS and DS ointment treated groups at day 3 and the smoothness and continuity were not comparable with PA/Fe~3~O~4~/DS/PEMF-treated group. The animal experiment illustrated that after the combination of magnet therapy with drug therapy, PA/Fe~3~O~4~/DS dressing accelerated healing of injured soft tissue, which was superior to commercially available DS ointment.Fig. 7(A) Schematic showed the animal experiments. (B) The H&E staining results of the injured soft tissue after being treated with the PA/Fe~3~O~4~/DS, PA/Fe~3~O~4~/DS/PEMF and the commercialized DS ointment after 1, 3 and 7 days. The yellow arrows indicate the defects of the muscle.Fig. 7

4. Conclusions {#sec4}
==============

In summary, we prepared a new hydrogel dressing from Tetra-PEG hydrogel, agar and Fe~3~O~4~ NPs for the synergistic therapy of magnetic and drug. The *in vitro* and *in vivo* evaluation showed a good biocompatibility. The release experiments proved the magnetism-responsive release function. Finally, the animal experiments showed that the dressing under the magnet field promoted a better tissue repair than the commercialized DS ointment. The hydrogel seems to be a promising candidate to improve treatment of the injured tissue.

Notes {#sec5}
=====
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